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Abstract 
Cinnamic acid (CA)-graft-poly (vinylidenefluoride) (PVDF) was synthesized via free radical polymerization using 
benzoyl peroxide (BPO) as initiator in a N,N-dimethylforma- mide (DMF) solution. FTIR spectroscopy, DSC, and 
TG analyses of the grafted polymers showed that the CA side chains were successfully grafted onto the PVDF 
backbone. Contact angle measurements indicated that the modified PVDF showed better hydrophilicity than the 
unmodified PVDF. Microporous membranes were prepared from the PVDF-g-P (CA) polymer with poly (vinyl 
pyrrolidone) (PVP) as the pore former through the phase inversion technique. The morphology of the membranes was 
studied by scanning electron microscope (SEM). The membrane cast from the DMF solution of PVDF-g-P (CA) had 
a greater pore size distribution and higher porosities than those of the pristine PVDF. The membrane prepared using 
the modified PVDF showed a higher flux than the unmodified PVDF membrane.  
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1.Introduction 
Poly (vinylidene fluoride) (PVDF) membranes are widely used in microfiltration (MF) and 
ultrafiltration (UF) due to their excellent chemical resistance, well-controlled porosity, and good thermal 
properties [1]. They are also used in other types of applications such as in the treatment of both industrial 
and municipal wastewater [2-5] or biomedical application. Even with the good properties of PVDF, 
however, fouling is economically one of its most problematic drawbacks, a consequence of its low 
surface energy and hydrophobic character that have limited its use in materials for membrane separation 
of oil and biological molecules [2]. During the filtration process, high hydrophobic property and low 
fouling resistance of PVDF membranes lead to the protein adsorption, and thus membrane pores are 
blocked. To improve the hydrophilicity of PVDF membranes, membrane surface modification usually has 
to be performed. 
Various techniques have been investigated with regard to making the membrane surface hydrophilic. 
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In general, they can be classified into blend, coating, and grafting techniques. In the blend technique, 
PVDF powder is mixed with a hydrophilic polymer or inorganic compound in a solution, to be made into 
a membrane. Several pairs of blends have been investigated, such as PVDF/ZrO2 [6, 7], PVDF/poly 
(vinyl acetate) [8], PVDF/poly (ethylene glycol) (PEG) [9, 10], PVDF/poly (methyl methacrylate) 
(PMMA) [11-16], PVDF/poly (acrylic acid) (PAA) [17], and PVDF/ poly (acrylonitrile) (PAN) [18].  
Grafting has advantages over other methods in several points, including easy and controllable 
introduction of graft chains with a high density and exact localization of graft chains to the surface with 
the bulk properties unchanged. Furthermore, covalent attachment of graft chains onto a polymer surface 
avoids their delamination, and assures the long-term chemical stability of introduced chains, in contrast to 
physically coated polymer chains. But surface grafting is usually attended by changes in the membrane 
pore size distribution, thus leading to reduced permeability. In addition, the surface grafting modification 
technique imparts wettability to the membrane surface only, while the surface properties of the pore 
channels remain largely unchanged. Based on these principles, it is necessary that PVDF powders are 
modified in the first place and then made to be a membrane.  
In this study, PVDF-g-P (CA) polymers were synthesiz- ed for the first time via free radical 
polymerization. Cin- namic acid (CA) is similar to AA, including double bond and carboxyl group. 
Carboxyl is a strong polar group that can exhibit hydrophilicity to a certain extent. CA includes double 
bond, and the unsaturated bond can polymerize easily to form polymers with the PVDF free radical 
induced by the initiator. The main objective of the present work was the preparation of hydrophile PVDF 
membranes. The reactions involved are illustrated in Fig.1, in which the formed grafted polymers are 
characterized by FTIR-ATR, and DSC/TG. The functional membranes were prepared using this grafting 
copolymer and characterized by SEM. The hydrophilicity of the membranes prepared from the 
CA-grafted PVDF using free radical polymerization was much better than that of the membranes 
prepared from modified PVDF via other techniques.  
 
Fig.1. Schematic representation of the process of free radical polymerization of CA onto the PVDF  
2.Experimental 
2.1.Materials 
PVDF powders with a molecular weight of 500 000 obtained from Shanghai were used in this study. 
DMF was obtained from the Beijing chemical plant and used as a solvent for the initiating agent treatment 
and graft polymerization. BPO was obtained from the Sinopharm Chemical Reagent Beijing Company. 
PVP was obtained from Tianjin Chemical Research Institute and used as a hollow agent.  
2.2.Grafting of CA on PVDF Powders  
Dope solution was prepared firstly by dissolving PVDF powders in DMF. The weight of the PVDF 
powders was fixed at 2.0 g, and the volume of DMF was fixed at 40.0 ml. The concentration of the 
monomer CA was varied from 2.0 to 20.0 % (CA/PVDF weight ratios).  
The PVDF solution and the CA monomer were introduced into a four-necked flask equipped with a 
muddler, dropping funnel, condenser and gas line. A continuous stream of N2 was bubbled through the 
solution. The solution was placed in a water bath at 70 °C and saturated with purified argon at the same 
time. After 30 min, BPO, as an initiator, was added to the reaction system. An argon flow was maintained 
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during the thermal graft copolymerization process.  
After a reaction time of 5 h, the reactor flask was cooled in an ice bath and the PVDF-g-P (CA) 
polymer was precipitated in excess ethanol, which is a good solvent for CA homopolymers. After 
filtration, the PVDF-g-P (CA) was dried under a vacuum at 40 °C for 48 h and stored in a dessicator until 
needed. 
2.3.Characterization of PVDF-g-P (CA) Polymer 
y Infrared spectroscopy 
Fourier transform infrared (FT-IR) spectra of the pristine PVDF powders and the PVDF powers with 
grafted CA were taken to a Nexus 670 spectrometer (Nicolet, USA). Each spectrum was collected by 
cumulating 16 scans at a resolution of eight wave numbers. 
y DSC analysis  
Differential scanning calorimetry (DSC) was conducted using a NETZSCH STA449C scanning 
calorimeter under a nitrogen atmosphere. All samples were heated from 25°C to 250°C at a heating rate 
of 10°C /min. 
y Thermo gravimetric analysis 
The thermal properties of the pristine PVDF and PVDF-g-P (CA) membranes were measured by 
thermo gravimetric (TG) analysis. The membrane samples were heated from 25°C to 800°C at a rate of 
10°C /min under a dry nitrogen atmosphere, using a NETZSCH STA449C instrument. 
y Water contact angle measurement 
The contact angles of the films were measured at 25°C and 60% relative humidity using a microscopy 
system. Using a micro cylinder, deionized water (5 ȝl) was dropped perpendicularly onto the surface of 
the films placed on a horizontal glass sheet. The images of water drops on the surface were then observed 
using a Wilhelmy plate method through a dynamic contact angle analyzer (SB312, Beijing Keen Co.). For 
each angle reported, at least five sample readings from different surface locations were averaged.  
2.4.Preparation of Microporous Membrane 
Membranes were prepared from 10 wt% polymer (PVDF, PVDF-g-P (CA)) solutions in N, 
N-dimethylforma- mide (DMF). The dry PVDF and grafted polymers (PVDF-g-P (CA)) were completely 
dissolved in DMF with the same concentration of pore former PVP (2 wt. %) using a magnetic stirring 
apparatus at 80°C. After 4 h, the polymer solution was cast onto a glass plate, and then placed in a 90°C 
oven for solvent evaporation. The residual solvent was removed by maintaining the formed film in a 
vacuum oven for 24 h. Each membrane was left in a mixed solvent of ethanol and water (vol=1:1) for 
about 30 min after separation from the glass plate. It was then extracted in a second bath of doubly 
distilled water at 80°C for 1 h. Such a heat treatment step is commonly performed during the fabrication 
of commercial membranes to refine the pore size distribution. Finally, the purified membranes were dried 
under reduced pressure to remove the remaining water for subsequent characterization. 
2.5.Membrane Characterization 
y Morphology of the microporous membranes 
The morphology of the microporous membranes was studied using a LEO438VP scanning electron 
microscope (SEM) from England. The membranes were mounted on the sample studs by means of 
double-sided adhesive tapes and were shadowed with gold prior to the SEM measurements. The SEM 
measurements were performed at an accelerating voltage of 12 kV.  
y Filtration studies 
The dried membranes were cut into circular pieces in order to measure the flux of the membranes. The 
flux experiments were performed using an Ultrafiltration cell from the Shanghai Yadong Company, 
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which had an effective filtration area of 32 cm2. The water flux through the membranes was measured as 
milliliters per minute per square centimeter of the filtration area at 25°C with the pressure set at 0.1 bar. 
All the PVDF membrane samples were pre-wetted by water before the water flux was measured.
3.Results and discussison 
3.1.FTIR Spectrum of PVDF-g-P (CA) 
The FTIR–ATR spectra of pristine PVDF, CA, and PVDF-g-P (CA) are shown in Figs. 2(a)-(c). The 
absorbance peaks at 3,023 cm-1 and 2,982 cm-1 in spectra (b) and (c) are attributed to the C-H stretching 
vibrations of the benzenoid rings in CA and PVDF-g-P (CA), respectively. The strong absorption bands 
at 1,693 cm-1 and 1,633 cm-1 in both spectra of Figs. 1(b) and (c) correspond to the C=O and C=C 
stretching modes, which are the characters of CA. The absorption band at 1,191 cm-1 in the curve of Fig. 
1(a) is ascribed to the C-F stretch. This peak can also be observed in Fig. 1(c), but it is shifted to lower 
wave numbers (1,180 cm-1). The appearances of these peaks in the FTIR spectrum prove that there are 
interactions between the PVDF and the CA chain. The PVDF-g-P (CA) composites were likewise 
obtained.  
 
Fig.2. FT-IR spectra of (a) the pristine PVDF; (b) CA; and (c) PVDF-g-P (CA) membrane
3.2.DSC Analysis of PVDF-g-P (CA) 
Differential scanning calorimetry (DSC) was used to investigate the thermal properties of PVDF and 
PVDF-g-P (CA). PVDF-g-P (CA) grafted polymers with various lengths of CA side chains were studied, 
as shown in Fig.3. The length of the side chain was controlled by the weight ratio of PVDF to CA. As 
seen in Fig.3, PVDF shows a melting peak at 159.4°C, whereas the melting peak of the grafted polymers 
shifted to 165.7°C for the weight ratio of 0.05 and 171.2°C for the weight ratio 0.10, respectively. The 
melting peaks of PVDF-g-P (CA) in curves b and c appeared at higher temperature than those in curve a 
because of the difference in ratios of CA and the lengths of the side chains. The intensity of the melting 
peaks of PVDF-g-P (CA) increased with the increase of the CA length. The increase of melting point of 
the grafted polymer showed that the structure of the PVDF main chains was altered to a certain extent 
after the grafting of CA.  
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Fig. 3. DSC curves of (a) PVDF and PVDF-g-P (CA) with CA/PVDF weight ratios of (b) 0.05 and (c) 0.10 
3.3.TG analysis of PVDF-g-P (CA) 
The thermal stabilities of the PVDF and PVDF-g-P (CA) grafted polymers were also investigated by 
Thermal gravimetric (TG) analysis. The TG analysis curves of the pristine PVDF and the PVDF-g-P (CA) 
of the various graft concentrations were compared, as shown in Fig.4. A distinct two-step degradation 
process is discernible for each PVDF-g-P (CA) polymer. 
0
20
40
60
80
100
25 125 225 325 425 525 625 725
Temperature (ć)
W
ei
gh
t (
%
)
a
b
c
 
Fig. 4. TG curves of (a) PVDF and PVDF-g-P (CA) with CA/PVDF weight ratios of (b) 0.05 and (c) 0.1 
The onset of the first major weight loss at about 135°C corresponds to the decomposition of the 
grafted CA component. The second major weight loss that begins at about 465°C, on the other hand, 
corresponds to the onset of decomposition of the PVDF polymer. Thus, the grafting process does not 
affect the thermal stability of the PVDF substrate. 
From the above TG analysis, the changes in the melting temperature and degradation temperature 
offer information which indicates that the modified polymer is a grafted polymer rather than a polymer 
blend. 
3.4.Water Contact Angle Changes of PVDF-g-P (CA) 
The surface properties of the films prepared by grafted polymers were characterized by evaluating the 
contact angle. The changes in the contact angles of the films prepared by a grafted polymer with grafting 
concentration are shown in Fig.5. 
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Fig.5. Contact angles of membranes prepared by grafted polymers with different concentrations 
The contact angle decreased sharply after grafted reaction. The higher the grafting concentration was 
the lower contact angle it was. The sudden decrease in contact angle could have been due to the 
successful grafting of the relatively hydrophilic side chains of CA, which had a higher surface energy, to 
PVDF. The water contact angle curve in Fig.5 suggests that the film cast from the modification PVDF 
becomes more hydrophilic than that cast from the pristine PVDF. The structure and pore size distribution 
of the membranes were also changed, which will be further discussed later on. 
3.5.SEM Analysis of the Modified PVDF Membranes 
The micrographs in Fig. 6 is the SEM images obtained at a magnification of 1000×for the 
microporous membranes cast by the phase inversion technique at 25°C of PVDF-g-P (CA) copolymer 
with a CA concentration of 10 wt%, including a PVP concentration of 2 wt%.  
The separation surfaces of the grafted polymer membranes exhibited a distinctly nodular morphology. 
It is shown that membranes cast from the DMF solution prepared from the modification polymer with 2 
wt% PVP exhibited a greater pore size (600-700 nm) distribution and higher porosities than those 
prepared from the pristine PVDF , as seen in Fig. 6. 
 
Fig. 6. SEM micrographs of the PVDF-g-P (CA) with CA/PVDF weight ratios of 0.1 microporous membranes 
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3.6.Water Flux Characterization of the Membranes 
The changes in structure and pore size of the membrane greatly influence the flux of the membranes, 
as shown in Fig. 7. The figure shows the pure water fluxes of the membranes prepared by PVDF-g-P (CA) 
with different grafting concentrations under a pressure of 0.1 bar. These are higher than those of the pure 
PVDF membrane. This increase in flux can contribute to the formation of micropores on the surface of 
the dense layer of the membrane prepared from PVDF-g-P (CA). The fact that the water flux increased 
proved the feasibility of the authentication scheme on hydrophilicity promotion in this paper. 
The water flux increased significantly because of the activation of the membranes. The modified 
PVDF-g-P (CA) membrane has many potential applications as a functional membrane because the 
modifier is a good coupling agent for subsequent modifications. Further studies are underway and will be 
addressed in further publications. 
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Fig. 7. Pure water flux of the membranes prepared from PVDF-g-P (CA) with different concentrations under a pressure of 0.1 bar at 
room temperature 
4.Conclusion 
A grafted polymer containing the PVDF main chains and CA side chains was synthesized via free 
radical polymerization using BPO as an initiator in a DMF solution. FTIR-ATR spectra, DSC and TG 
analysis demonstrated that CA was successfully grafted onto the PVDF chains. The microporous 
membranes prepared from this polymer using the phase inversion technique were used to prepare 
ultrafiltration membranes. The water contact angle measurement indicated that membranes prepared from 
the modified polymer PVDF-g-P (CA) showed better hydroph- ilicity than the pure PVDF membrane. It 
was found that the water flux increased with the increase of CA grafting concentration. The polymer 
system appears to have a good prospect for application in materials for membrane separation of oil and 
biological molecules. 
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